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We study theoretically the current-noise energy dependence for a N-N'-S structure, where N and 
S stand for bulk normal metal and superconductor, respectively, and N' for a short diffusive normal 
metal. Using quasiclassical theory of current fluctuations we obtain explicit expressions for the noise 
valid for arbitrary distributions of channel transparencies on both junctions. The differential Fano 
factor turns out to depend on both junction transparencies and the ratio of the two conductances. 
We conclude that measurement of differential conductance and noise can be used to probe the 
channel distribution of the interfaces. 
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Introduction 

Current noise in hybrid mcsoscopic systems has been 
deeply investigated in the last decade, both from the ex- 
perimental and theoretical sidei^ It is quite clear now 
that noise contains piece of information on the charge 
transfer mechanism that is not present in the average 
current. The most striking example is clearly the car- 
riers' elementary charge, that can be obtained by mea- 
suring the noise-to-current ratio (Fano factor) in tunnel 
junctions. As a matter of fact, in mesoscopic Normal 
metal/Superconducting (N/S) hybrid structures, for en- 
ergy (voltage bias and temperature) below the supercon- 
ducting gap, the elementary process responsible for trans- 
port is Andreev reflection!^ It involves the transfer of 
two electrons at (nearly) the same time from the super- 
conductor to the normal metal. This implies a doubling 
of the noise that has been predicted^ and observed^ 
The situation is particularly clear in the tunneling limit, 
where the Fano-factor dependence on voltage and noise 
is exactly that for a normal metal with the replacement 
e — ► 2e, 9 This behavior has been recently observed in 
semiconductor/Superconductor tunnel junctions^ 

N/S structures are also interesting for another reason. 
If the mesoscopic structure is shorter than the coherence 
length, transport is coherent and interference plays a cru- 
cial role. Since Andreev reflection involves scattering of 
an electron and a hole that are nearly time reversed par- 
ticles, the random phases acquired during the diffusion 
in the metal are canceled out, and interference between 
electronic waves is controlled only by the length of the 
path and the energy of the particles M- This leads to a 
strong energy (temperature or voltage bias) dependence 
of the conductance that has been predictecU2ii&±i and 
measurediiSiiii For large energies, phases acquire a fast 
dependence on position and transport becomes incoher- 



ent. 

Very recently, the noise was also shown to have a non- 
trivial dependence on the energy. This dependence is 
different from that of the conductanceiiii^ The cases of 
a long diffusive wireji2*i£ tunnel junctionj2*2ii and double 
tunnel barriers^ have been considered in the literature. 

The last structure is particularly interesting since in- 
terference is enhanced by increasing the number of re- 
flections. A Fabry-Perrot structure made of two barri- 
ers between the superconductor and the normal metal 
is expected to show a strong energy dependence con- 
ductance. This was predicted some time agoi£ for N-I- 
N'-I-S structures (where I is an insulating barrier) using 
quasiclassical Green's function approach, and then con- 
firmed experimentally^ More recently the noise in this 
tunneling structure has been calculated^ The tunnel- 
ing condition greatly simplifies the theoretical approach. 
This assumption does not limit severely the range of the 
normal-state conductances that can be theoretically in- 
vestigated since the number of channels in most cases 
is very large. However, for given normal-state conduc- 
tances one expects a dependence of current and noise on 
the actual value of the transparencies. Concerning the 
current, this was confirmed by the work of Clerk et alm& 
where the conductance for non-tunnel N-N'-S structures 
has been evaluated by means of random matrix theory. 
The behavior of the noise when the interfaces are not 
tunneling is the object of the present work. 

In this paper we calculate the current noise for a N- 
N'-S structure without restrictions on the distribution of 
channel transparencies on both interfaces. We use qua- 
siclassical Green's function techniqueS^S&iSii with bound- 
ary conditions modified by the introduction of a counting 
field^*^*^ allowing to calculate the noise. Exploiting the 
parametrization for the Green's function proposed by two 
of the authors in Ref. we obtain the expressions for 



the voltage and temperature dependence of current noise 
in terms of a complex parameter to be found numerically. 
In some limiting cases the calculation can be performed 
to the end analytically. In all others the numerics is 
straightforward. We find that when the conductances are 
of the same order of magnitude, the channel distribution 
becomes crucial for the determination of the energy de- 
pendence of both the current and noise. The expressions 
we provide can be used to characterize interfaces when 
current and noise can be measured accurately. Even if 
this is non trivial from the experimental point of view, 
one should consider that it is very difficult to control 
only by means of the fabrication the transparency of an 
interface, i.e. the value of the transparencies and their 
distribution. If the average transparency can be easily 
estimated from the size of the contact, the true distribu- 
tion remains out of the reach of any probe. That is why 
having a theory that predicts the conductance and noise 
for an arbitrary distribution of the channel transparen- 
cies can be a useful tool. 

The paper is organized as follows. In Sec. [I] we in- 
troduce the circuit theory model and derive the main 
equations. In Sec. [H] we obtain the expressions for the 
current and the noise. We discuss our results for different 
distribution of channel transparencies. Sec. lllll gives our 
conclusions. 



I. MODEL AND BASIC EQUATIONS 

We consider a N-N'-S structures with two junctions 
characterized by their set of channel transparencies: 
{T Nn } for the N-N' barrier and {r Sn '} for the N'-S bar- 
rier, n and n' being channel labels (see Fig. Con- 
sequently the conductances are gN{s) = 9gE n %)». 
where gQ = 2e 2 /h is the quantum of conductance. We as- 
sume that gN/s is large enough to completely neglect the 
voltage drop in the N' part. Namely, we require that the 
time necessary for an electron incoming from the leads 
to visit the whole N' region (dwelling time td) is much 
smaller than the time spent in the region itself (escape 
time r). This corresponds to asking that the Thouless 
energy E^h = fi/TD = hD/L 2 (D being the diffusive con- 
stant and L the typical size of N') is much larger than 
E T = K/t = (gN+gs)S/(4:iT (?q) (S being the average level 
spacing for N'). We also assume that L <§; ^ = y/hD/ A 
(or equivalently Erh ^ A), where A is the supercon- 
ducting gap of S, so that the spatial dependence of the 
proximity effect can be neglected in N'. 

Proximity effect is thus completely controlled by E T 
and charge transport does not depend on the shape of 
N'. Hence we can consider N' as an isotropic zero di- 
mensional conductor. We also assume that g^/s ^> 9Q'- 
Each barrier has a large number of conduction channels. 
Coulomb blockade and weak localization effects are then 
negligible. Finally we require that the escape time is 
much smaller than phase breaking and inelastic time. All 
these requirements are met, for instance, in the experi- 




FIG. 1: Schematic picture of the N-N'-S junction. {Tjvn,} 
and {r gn /} are channel transparencies of the N-N' and N'-S 
barriers. 



ment of Ref. |2jJ 

Within these assumptions, one can apply the so-called 
"circuit theory" to calculate current, noise and higher 
current cumulants.!2i22i22^2i2i In particular the central 
region can be approximated with a single node, since any 
internal spatial dependence is negligible. The conductor 
is thus discretized into three nodes connected via two 
connectors, see Fig. ^ Each node is characterized by a 
quasiclassical matrix Green's function in the KeldyshQ- 
Nambu(~) space, Gjv/s for N and S leads and G for N' 
depending on the energy E and a counting field x~ 

The counting field appears as a modification of the 
boundary conditions. In our case this corresponds to 
transforming the normal reservoir Green's function as 
follows m& 



Gn(x) = e lxfK/2 G N0 e -^/\ 



(1) 



where 01)7^(8^=1,2,3) are Pauli matrices, fx — t 3 ® a\, 
and Gno is the normal metal quasiclassical Green's func- 
tion in the diffusive limit (for a recent review see Ref. 

my- 
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NO 



T3 2(/to 




I- /L0T3) 



(2) 



Here, f T0 = f(E - eV) - f(E + eV), f L0 = 1 - f(E + 
eV) — f{E — eV), f is the Fermi function at temperature 
T, and V is the voltage bias between the normal metal 
and the superconducting reservoir. 

The Green's function in the superconducting reservoir 

is 



G s = 



Rs K s 
A s 



Here, Rs is the retarded part given by 
f 



Rs = 



y/(E + ir,)*-\A\* 



E A 

A* -E 



(3) 



(4) 



with the branch cut of the square root going from —A 
to +A on the real E axis. The advanced part is given 
by As = — cr 3 R s a 3 , and the Keldysh part follows by the 
equilibrium condition of the reservoir: Ks — (f(E) — 
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f(—E))(As — Rs)- In the following, we focus on the 
supgap regime, so we can limit ourselves to E <C |A|. 
Moreover, since there is only one superconductor in the 
problem, we can choose A real. Then the matrix Green's 
function of the superconductor simplifies to Gs — T2 ® 1. 

The Green's function in the central node satisfies 
the normalization condition G 2 = 1 and the symmetry 
property: 



19,33 



&(-X) = -tl G{x) ft 



(5) 



with fh = T3 (g) tT2- (Similar relations hold for Gn/s as 
well.) It is solution of the Usadel equationiSii 3 ^ 

HDV(GVG) - iE[G E ,G] =0, G e = t 3 ®1. (6) 

We integrate this equation over the volume V of N'. Using 
the divergence theorem, it gives: 



d 2 S- (<t GVG) -2i 



e 2 v V E 



[G E ,G]=0, (7) 



where i>o is the density of states per spin of N', and 
(To = 2e 2 DvQ its conductivity in the normal metallic 
state. Using boundary conditions for the Green's func- 
tions over the surface dV of the grain^iS^ we have: 



with 



In = 



Is 



[ d 2 S.(a GVG) =I N + I S 
Jav 

2T Nn [G N (x),G( X )} 



n 

9qY, 



4 + r JVn ({G A r( x ),G(x)}-2) 
2T Sn [G s ,G(x)} 



r Sn ({Gs,G(x)} 



(8) 

(9a) 
(9b) 



Then G is fully determined by Eq. J^J which takes the 
form of a conservation-like equation for the spectral ma- 
trix current: 



where 



In + Is + Ie = , 



9Q^j^-[G E ,G{x)} 



(10) 



(11) 



Here I E is the "leakage" matrix current^ which takes 
into account the relative dephasing between electron and 
hole during their propagation in the central node N', 
whose mean level spacing is 8 = 1/(vqV). The estimate 
for the inverse escape time, E T /h = 5(gw + gs) I (47r7i gq), 
follows from comparison between the amplitudes of In + 
l s and I E . 

Once the matrix G(x) is known, current, zero fre- 
quency noise and all higher current cumulants can be 
obtained by differentiation of I(x) defined as follows: 



/ (x) = -i / dE ^kIn}- 



(12) 



(By matrix current conservation l|10(l I(x) equals minus 
expression (I12f) with /jv substituted by Is-) The first two 
moments are the average current, 



i = i{x)\ 



and the current noise, 



S = 2ie 



dl(x) 



dx 



(13) 



(14) 



For tunneling interfaces, r„<l, the boundary condi- 
tions simplifies since one can neglect the anticommutator 
in the denominator of Eqs. (|9a|l and (|9bl) . In that limit 
the matrix G(x) can be found analyticallyi^!^ It is thus 
possible to study not only the current and noise, but the 
whole set of cumulants. In the general case of arbitrary 
value of r„ there is no analytical solution available for 
G(x)- 

If one restricts to the first two cumulants, / and S, 
which are more accessible experimentally, it is possible 
to write simplified equations for the coefficient of the ex- 
pansion of G in T^-tiLiS 



G(x) - Go 



(15) 



Finding Go gives the current while G\ leads to the noise. 
In the following we follow this program and solve IjlUI) for 
the first two orders in x- 



II. CURRENT AND NOISE 

A. Current evaluation 

To obtain the current one has to evaluate Eq. I|12fl • For 
this, we need Go as defined in Eq. i|15|) ■ A crucial step to 
solve the problem is to take into account the normaliza- 
tion condition without redundancy in the parametriza- 
tion. When the counting field vanishes, the solution is 
well known and it consists in the following parametriza- 
tion of Go: 



Go — 



R K 
A 



(16) 



with 



R = 
K = 



T3 cosh 4 



Rf 



if 2 sinh 9 , 
/ = h 



A = 
- hh 



-f 3 R) f 3 ,(17a) 
(17b) 



Here, the parameters fx and fi are real, as follows from 
Eq. JSJ at x = 0- The complex number 9 characterizes 
the paring in the grain: 9 = —iir /2 corresponds to a 
fully superconducting state and 9 = to a normal one. 
Substituting this form for Go into Eq. IjlUfl at x = one 
can determine 9, /l, and fx- The retarded or advanced 
parts give the equation for 9: 

<7jv (Zn) sinh# + iegu sinh 9 + igs(Zs) cosh 9 — 0, (18) 
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where e = E/E T , go — 9n + 9s , Zn = [1 + r^coshfl 
l)/2]- 1 and Z s ='[l + r s (isinh6'-l)/2]- 1 . Here, 



(/(r Q )) 



2n ^an 



(19) 



stands for the average over channel transparencies with 
a = N or S. The Keldysh part of the spectral-current- 
conservation equation (|ll)fl gives Jl = f^o and fx / /to = 
c with 

e= gjytanhgi cos0 2 +r w cosbA] |^| 2 ). 

2 ego sm 

(20) 

Here, we used the decomposition = $i + into real 
and imaginary part. Finally, the mean current is given 
by 



i = ^-j dEf T0 g(E) 

2e J-oo 



(21) 



with 



g{E) = cg s cosh6»i 

x ([- sin 6» 2 + T s (cosh 8 X + 



sin# 2 )/2])|Z s | 2 ). 

(22) 



At zero temperature the differential conductance G = 
dl/dV equals Q(eV). For uniform transp arency, expre s- 
sion 12211 coincides with that obtained by IClerk et alJ in 
Ref. |23| using random matrix theory. 

We now discuss the conductance for small and large 
energy. Let us begin with the low energy limit eV <C E T , 
i.e., the completely coherent case. 8 is then an imaginary 
number. Eq. I122II reduces to: 



g: 



(9n) 1 + (gs)~ 



(23) 



where 



9n = gNCOsa{Z 2 N ) + g N {T N Z 2 N )(1 -cosa)/2, 
9s = 9ssma(Zs)+gs(TsZs)(l-sina)/2, 

with Z N = [1 + r w (cosa - l)/2]" 1 and Z s = [1 + 
rs(sino! — 1)/2] _1 . The real parameter a = — Im(9) is 
the solution of the equation: 



g N sin a (Z N ) = g s cosa(Z s ) 



(24) 



Coherent conductance strongly depends on the ratio 
9n/9s- When the central island is well connected to 
N (<7jv ^> gs) = 0. The grain is in the normal state. 
Then differential conductance is given by G co h = <?5 nd = 
2<?s(rs/(2 — Ts) 2 ): the charge transfer is dominated 
by Andreev reflection at N'-S interfaced In the oppo- 
site case of an island well connected to S (gN *C gs) 
8 = —in/2, the grain is superconducting and we have 
G coh = g N nd = 2g N (T N /(2 - Tat) 2 ). This means that 



barrier. We can also note that G co h is invariant under 
the transformation {r^n} <-* {Ts n /} in Eq. (|23|l . Thus 
when an electron crosses the N-N'-S structure, it can not 
distinguish which barrier is closer to the superconductor. 

In the opposite limit of eV S> E T transport is incoher- 
ent. The large energy mismatch between electrons and 
Andreev reflected holes washes out interference effects. 
We find the following expression for the conductance 



g; 



9n 



d\-l 



(25) 



that is now no more invariant for exchange of the N- 
S and N'-S barriers. The grain is in the normal state 
(8 = 0). The physical interpretation for the incoherent 
transport is simple since one can treat one channel at 
the time (electrons do not interfere). For a Cooper pair 
to be transferred across the double barrier structure the 
electron has to undergo the following steps: crossing of 
the N-N' barrier, Andreev conversion to a hole at the 
N'-S junction (with probability R Sn > = r|„,/(2 - r Sn ') 2 
per channel), and finally crossing of the N-N' barrier (see 
Fig-13- Thus in the incoherent limit, the double junction 




, ' 1<>< ' ,T " 11 {RSn>} 

{T Nn } ( N' ) 




Andreev mirror 



FIG. 2: Schematic picture of the N-N'-S junction in the 
incoherent regime. Electrons are Andreev reflected into hole 
at N'-S barrier. 

is equivalent to three junctions in series of transparen- 
cies {Tnti}, {Rsri} and {Fat„}, respectively, with an el- 
ementary transferred charge 2e. Conductance is then 
given by Ohm's law for the three conductances in series 
multiplied by a factor two: G c i ass = 2[(g Q J]„ r JVn) _1 + 
{9QHn' Rsn'T 1 + (9QY,n r Nn)~ 1 }~ 1 , which coincides 
with Eq. (|2"5j> . 

For intermediate energies, the shape of G depends both 
on the ratio of the two conductances and the set of chan- 
nel transparencies. A particularly relevant case of chan- 
nel distribution is that of a disordered interface: 37 



e (r) = ^5(r-r an ) 



9a 



(26) 



conductance is dominated by Andreev reflection at N-N' 



where a =N or S. We plot the conductance for this case 
and different values of the ration gs/ 9n m Fig- El Quali- 
tatively one sees a cross-over from a "reflectionless" tun- 
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with £> Q = (4 + T a ({G aa , Go} - 2))" 1 , a =N or S, and 
Gni = [fifj Givo]- Zero frequency current noise is given 
by 



S 



dE tr[fK-/^] . 



(27) 



Here, the unknown matrix Gi, cf. Eq. (|15|) . satisfies 



I 



N 



I. 



7^ = 0. 



(28) 



Additionally the normalization of G implies {Go,Gi} = 
0. This can be satisfied by defining Gi = [Go, <p\ for any 
(/>. We use the parametrization found in Ref. for the 
matrix d>: 



FIG. 3: Differential conductance normalized by its classical 
value as a function of eV/E T for two disordered interfaces 
at zero temperature. A peak appears near eV » E T when 
9n ~ gs and it becomes sharper for grjv/ffs — * 0. 



neling behavior, typical of tunnel junctions (with a zero- 
bias peak) to a "re-entrant" behavior with a peak at eV 
of the order of E T . In both cases the qualitative expla- 
nation is simple. In the tunnel case, the electron tries 
many times to enter the superconductor. At low energy, 
the corresponding quantum paths add coherently, giv- 
ing a large resulting current. Any increase in the energy 
reduces the coherent contribution to the current since 
interference is suppressed and, thus, the mixed terms 
vanish. This explains the zero-bias peak in the G(V) 
plot. On the other hand, when the superconducting bar- 
rier is transparent the electrons always succeed in being 
converted to holes, but Andreev reflection comes with a 
phase factor (— i) that induces destructive interference 
among electronic waves for E = The loss of coher- 
ence among waves can thus enhance the current leading 
to a maximum in the G(V) plot. This behavior is very 
similar to the one observed in a diffusive wire^ One sees 
nevertheless that the effect is much larger here, since the 
Fabry-Perot structure enhances interference. We will dis- 
cuss the role of barrier transparencies in III CI 



B. Noise evaluation 

Let us now consider the main subject of the paper: 
the noise. As stated above we need to solve Eq. Hl()() in 
first order in x- We expand thus each spectral current: 
h = Id + Xlg + C(X 2 ) with [3 =N, S, or E. We obtain: 



Ik 



Ik 



1° 



l 

ig N ((D N ){[G Nll G ] - [GWo.Gi]) 

— (Tn[Gno, Gq]Dn({Gni,Gq} — {Gno, Gi})Dn)) , 

-igs({i>s)[&s,&i] 
-(r s [G S! G ]/3 s {Gs,Gi}£» s )) , 
9d£ ,a a , 

—^-[LrE, LrlJ , 



afrofi - c/f 3 bf 3 + d 

cr 3 a*f T oTi+cff 3 



(29) 



The symmetry condition on G implies that <ft = 
—TL^fi,; it follows that b, c, and d are real, while a is 
complex. The parameter c has been already given in 
Eq. (|20|l . Inserting this form for cj) into Eq. (|28|l one ob- 
tains a complete set of equations for all the parameters 
of (p. The equation for a is given by the antidiagonal 
elements of the retarded part of Eq. (J2SJ. The Keldysh 
part of the same equation gives the equations for b and 
d. Finally, using Eq. (|27|l . zero frequency current noise 
takes the form: 



S = J dE {Q(E)[1 - f LQ ] + S T (E) /| 



}■ 



(30) 



The rather cumbersome expressions for a, b, d, and St 
are given in the Appendix. Here we only stress that the 
analytic expressions for the coefficients all depend on a 
single complex number, 9, solution of Eq. I|18|) . Even if 9 
is given by the solution of an algebraic equation it is not 
always possible to obtain an analytical expression for it. 
Nevertheless, once this parameter is known numerically, 
it is enough to substitute it into the expressions given in 
the Appendix to obtain the value of the current noise. 
Note that knowledge of 9 is already necessary to obtain 
the conductance. 

Let us now discuss the result in some details. We 
first note that Eq. I|30|l for eV -C ksT correctly agrees 
with the fluctuation-dissipation theorem^ As a matter 
of fact, in this case /t = and the remainder gives 
precisely S — iksT G(T). In the opposite limit noise 
is not simply related to the conductance and has to be 
computed with Eq. (|30ll . In the zero temperature limit 
(ksT -C eV, E T ) the experimentally accessible differen- 
tial Fano factor becomes from Eq. I|30() : 



F(V) 



1 



dS(V) 

2eG(V) dV 



1 



S T (eV) 
G(eV) 



(31) 



Let us now discuss as in the conductance case the two 
analytically tractable limits: the completely coherent and 
incoherent cases. In the coherent limit one can obtain 
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closed analytical expression for the noise depending on 
the parameter a solution of Eq. I|24|l . However they are 
rather cumbersome and we will not show them. In the 
specific case of two transparent barriers, we recover the 
recent analytical result of Vanevic et al. in Ref. [Zof . 
Similarly to the conductance, the expression for the Fano 
factor is left unchanged when the set of transparencies 
of the two barriers are exchanged: {rjv„} <-> {Ts n '}- 
The Fano factor depends on the ratio gN/gs- If the 
grain is well connected to the superconductor (g^ -C gg), 

-^coh 

2J2 n ' ^Sn'(l ~ ^SnO/En' Rsn'' we obtain the 



Fano factor of N'-S interface alonei&In the opposite limit, 

9N > 9S, F coh = 2 J^n R Nn(l-RNn)l J2n R Nn- the An- 

dreev reflection occurs at N'-N barrier. It is interesting to 
notice that even if transport properties (G co h and F co h) 
do not depend on the relative position of the barriers, 
the state of the grain does. It can be normal or fully 
superconducting depending on gN/gs- 

We consider now the incoherent limit: eV E T . From 
Eq. (|31fl we find the following explicit form for the dif- 
ferential Fano factor 



J 



class 



(9, 



And\3 
S ) 



2J n r^vn (i — rAr„/2) 

En T Nn 



+ 2g N9 ^(g N +g^) + 2g N ^> /? - s ' ,(1 



RSn) 



r 



En R Sn 



(g 



N 



. ff A„d )3 - 



(32) 



This res ult can also be found u sing the technique devel- 
oped bv lBelzig and Samuelssorl ^I The physical interpre- 
tation is the same described for G c i ass , the only difference 
is that here we need to calculate the current fluctuation 
at each barrier instead of the current. Indeed, in the clas- 
sical limit, the structures can be schematized as a series 
of three junctions of transparencies {r^n}, {Rsri}, and 
{TjVn} with dccoherent cavities in between. Again the el- 
ementary transferred charge is 2e (see FigUJ). The Fano 
factor for a series of two junctions separated by a deco- 
herent cavity has been evaluated (for elementary charge 



Fu(gi, Fy, g 2 , F 2 ) 



g\F 2 + ffig 2 (ffi +92) + glFi 
(.91 + 52) 3 



(33) 



where g l = g Q J2„ r in and = (E» r in(l ~ 

r m ))/^„Ii„, i = 1 or 2. From Eq. (J33J) the Fano 
factor for three junctions in series can be easily ob- 
tained: F 123 (gi, Fi, g 2 , F 2 ; g 3 , F 2 ) = F 12 (g 12 , F 12 ;g 3 , F 3 ) 
with (712 = 3i3i/(.9i + g 2 )- This expression coincides 
with Eq. I|32fl . once we take into account the doubling of 
the charge. Let us now consider the case when one of 
the two interfaces dominates transport. For #5 nd <C #at, 
N'-S junctions controls charge transfer and it is thus not 
surprising to find that the Fano factor is that of the N-S 
barrier alone£ F class = 2 £ n R Sn (1 - Rs n )/Y,n R Sn- In 
the opposite limit of g§ nd 3> <?jy, we have instead the 
following result: F c i a 



E„riv„(i-W2)/E„r 



Nn- 

Note that it differs from the Fano factor for a single in- 
terface of transparency distribution T^n- Actually even 
if the resistance is dominated by the N'-N interface, the 
presence of the N-S interface doubles the number of in- 
terfaces, leading to this result. Note also that for a 
completely transparent N'-N interface we have a finite 
noise F = 1/2. The conductance in this limit is g^ [cf. 
Eq. 1 (25)1 ]. Again one could expect that F should be zero, 
but actually transport is slightly more subtle. The effec- 
tive system is that of a chaotic cavity connected through 



two completely transparent interfaces of conductance g^ 
to the two leads. The electron entering the cavity from 
the normal side has probability 1/2 of exiting from the 
same interface as an electron and 1/2 of exiting as a hole 
on the other side. In the second case the transferred 
charge is 2e with probability 1/2. Thus the effective con- 
ductance is <7at, like for a normal Sharvin contact, but 
with an effective Fano factor of 2 (for the charge) times 
1/4 (for the r(l-T) term). 



0.74 




eV/E T 



FIG. 4: Differential Fano factor as a function of eV/E T for 
two disordered interfaces at zero temperature. A dip appears 
for eV « E T when gN ~ gs and increases for gN/gs decrease. 

For intermediate values of the energy, noise, like the 
conductance, has to be considered numerically. Our re- 
sults allow to study any situation. We plot in Fig. 01 
the Fano factors for the same parameters considered for 
the conductance in Fig. |31 The qualitative behavior re- 
sembles that of the noise in long diffusive structures. In 
particular a minimum at finite voltage for the Fano fac- 
tor is present when gs S> Qn- This is very similar to the 
minimum in the differential Fano factor for a wire in good 




0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 



eV/E T eV/E T 

FIG. 5: Differential conductance and Fano factor as a func- 
tion of eV/E T at zero temperature. Channel transparencies 
of the two interfaces have unimodal distribution. In the left 
panel, N'-S junction is tunnel (Ys ~ 0.01) and in the right 
panel N'-S junction is transparent (r,s = 1). 
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0.6 1 1 h-i-T-r-i-,- r -,- + -r- , -,- t . l o.6 

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 



FIG. 6: Differential conductance and Fano factor as a func- 
tion of eV/E-r at zero temperature. Channel transparencies 
of the two interfaces have unimodal distribution. In the left 
panel, N-N' junction is tunnel (Y N = 0.01) and in the right 
panel N-N' junction is transparent (IV = !)• 



contact with normal and superconducting reservoirs 

C. Effect of the channel distribution on current 
and noise 

Let us now consider the genuine effect of the modifica- 
tion of the channel distribution. The optimal situation is 
when the normal-state conductances of the two interfaces 
are equal, so that the dependence on the distribution of 
the channel transparencies of both interface should be 
maximum. For simplicity in the presentation we will dis- 
cuss only the case of r„ = Y for all n. We thus vary 
the transparency and the number of channels at each in- 
terface in such a way that the ratio of the normal-state 
conductance is kept equal to 1. Note when the channels 
are transparent this does not mean necessary that the 
contact region must be very small (to keep the same con- 
ductance of the tunneling case). It is enough that the 
distribution of channels of a large junction is bimodal, 
with a large majority of the channels completely opaque 
(r = 0) and few of them of the given transparency. 

We calculated the energy dependence of the conduc- 
tance and of the noise as a function of the transparency of 
the interfaces. Results are reported in Fig. and Fig. 
In Fig. we set Y s = 0.01 (left pannels) and Y s = 1 
(right pannels) and we vary r^v from 0.1 to 0.9. In Fig.0 
we plot the same curves exchanging the role of Yn and 

First we note how important is the channel trans- 
parency to predict the value of both the conductance 



and the noise. Knowledge of the conductance alone is 
not enough. Once the conductance is known, the energy 
dependence of both current and noise can give valuable 
indications on the channel distribution. A second im- 
portant remark is the qualitatively similar behavior of 
the conductance and the Fano factor. This is particu- 
larly evident for the case when r^r ^> Ys (left panel of 
Fig. |SJ). The differential Fano factor is linearly related 
to the conductance, F{E) « 70 — 'fiG(E), with 70 and 
71 positive constants. This behavior was proved analyt- 
ically for tunneling contacts between a superconductor 
and a wire in Ref. Il9t Actually this behavior seems 
to be a general property of the whole set of plots, with 
variable accuracy. The differential Fano factor looks like 
the differential conductance upside down. This is only a 
qualitative behavior, the proportionality factor depends 
on the actual transparency, as was found in Ref. Il9i 

III. CONCLUSIONS 

We studied the energy dependence of the current noise 
in a double barrier N-N'-S structure for arbitrary trans- 
parency of the barriers. In particular, we could describe 
the crossover between the completely coherent and inco- 
herent regimes. The noise in the double-barrier structure 
ressembles the one found earlier in an extended geome- 
try, like a wire. Namely, we found that the energy depen- 
dence of the current and noise are qualitatively strongly 
related though quantitatively independent. The distribu- 
tion of transparencies at the barriers strongly influences 
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both the current and noise. We suggest that a measure- 
ment of both quantities in the same sample would provide 
valuable information on the properties of the interfaces. 
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APPENDIX A: FANO FACTOR EQUATIONS 

In this appendix we give the explicit expressions for S 
and the coefficients a, b, and d, entering the definition of 
</>. We use the shorthand notation cosh 6\ = c"i , sinh 9\ = 
§i, cos #2 = C2, and sin 62 — s 2 . 

We begin with the three coefficients: 



with 



a = 



g N (A )+5 1 {-2g N c(A 1 ) + c 2 (g N (A^ + g s (A 2 ) +2ig D es 2 )) 

(B) 



A 
Ax 
A 2 
B 



Then 



with 



isYah9s 2 2 Z N Z N 2 T N 2 + ^(2isinh#ciC2 — ic\si + c 2 s 2 )Zn 2 — 2 s 2 c 2 ZnZn^n — 2ismh8 Zn 

i sinh^ciS2^Ar Zn 2 Tn 2 + (z sinh#c 2 ZAr 2 — 2 cic 2 s 2 Zn Zn) Tn + 2 Zn s 2 , 

~ cosh c 2 ~c^T s Z S 2 Y S 2 + (cosh ~c 2 Z s 2 + 2 5is 2 c 2 ^ Z s )Ts + 2Z s c 2 , 

igs Z$Ts 2 cosh 2 9 — igNZjy 2 Tn sinh 2 — 2gs Zs sinh# — 2 go e cosh# + 2 igjy Zn cosh# . 

b = c(l-2f 2 L0 ) + f 2 b T 



(Al) 



(A3) 



and 



Finally 



6t 

0o = 
Pi -- 

ft = 



-2c A 



9N 

4eg D 



(Po)c^-2c(((3 ) S -± + -\ 
s 2 V s 2 tan 6 2 



c\s 2 c\ s 2 



- {h - c 2 ) 2 \Z N \ 2 T n 3 - 4 (1 + 2 lC2 - 2 c 2 
(ci - c 2 ) 2 (1 - ~ Cl c 2 ) \Z N \ 2 T n 3 + 2 (c 2 i\ -4, 
+4 (2 c 2 



\Zn\ 2 Tat 2 



M(l-2c 2 ) \Z N \ 2 T N 
2 + 4gic 2 + lc?ci) \Z N \ 



N 



3cic 2 + 2cJ - 1) 
2 (2 



-(C! -c 2 ) 2 |Zjv| 2 lV 



1 |^iv| 2 cic 2 
|-^7v| 2 IV 2 - 



12 |Z 



AT 



(ci - c 2 ) 2 |Z W | 2 Ttv 3 - 4 (1 + 45ic 2 - 2 c 2 ) \Z N \ 2 T r 2 



N 



8\Z N \ 2 



4(l-2c 2 )|Z Ar | 2 : 



N ■ 



d = -2/lo/to (1 + c 2 + a 2 tan6> 2 ) . 



The explicit form of St(E) reads: 



s T {E) = g{E)f c 



cgs ci 



[((a!) a! §1 + (a 2 ) a 2 cos 9 2 ) + (a 3 ) c 2 



with 



a\ = - (ci + s 2 y 



\Zs\ 2 T, 



4 (cia 2 - 2ci + 1) \Z S \ 2 T s 2 + 4 (-1 + 2 c 2 ) \Z S \ 2 T t 



a 2 = -(2i+ S2 ) 2 |Z 5 | 2 r 5 3 + 2(-l 

\2 1 



%2\ 



\Zs\ 2 r s 2 + i2r s \Zs\ 2 -8\Zsf 



(A4) 



(A6) 
(A7) 



a 3 = s 2 (cj + s 2 ) |^s| 2 T s 3 + 2 (c 2 s 2 - 4ci - 5 2 s 2 - 3 s 2 ) |^| 2 Fs 2 + 4 (3 s 2 + 2 ci) |Z 5 | 2 T 5 - 8 |Z 5 | 2 s 2 . 
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